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ABSTRACT 

Ligh t  gas  o i l  and heavy gas  oil from Paraho s h a l e  o i l  and t h e i r  mix tu res  wi th  a 
petroleum l i g h t  gas  oil were pyrolyzed in t h e  presence of steam a t  880-900°C 
and con tac t  t imes  between 60 and 90 mil l i s econds  in a nonisothermal  bench s c a l e  
p y r o l y s i s  r e a c t o r .  Blending of petroleum LGO i n t o  t h e  s h a l e  o i l  f eeds  provided 
product y i e l d s  t h a t  were t h e  weighted l i n e a r  combination of t h e  y i e l d s  of t h e  
i n d i v i d u a l  components of t h e  blends.  P a r t i a l  den i t rogena t ion  and a pronounced 
dec rease  in t h e  r a t e  of coke depos i t i on  on t h e  r e a c t o r  w a l l s  was observed when 
petroleum g a s  o i l  was blended wi th  t h e  s h a l e  gas  o i l s .  

INTRODUCTION 

Steam p y r o l y s i s  of hydrocarbons in t u b u l a r  r e a c t o r s  is t h e  key process  f o r  
product ion of gaseous o l e f i n s  t h a t  s e rve  a s  major raw materials f o r  t h e  
petrochemical  i n d u s t r y .  While t h e  r ecen t  concern r ega rd ing  c o s t ,  supply and 
a v a i l a b i l i t y  of petroleum derived f eeds tocks  f o r  petrochemicals  product ion has  
subsided,  a t  least t empora r i ly ,  t h e  long term out look remains s u f f i c i e n t l y  
clouded t h a t  t h e  p r e s e n t  b rea th ing  s p e l l  a f f o r d s  an oppor tun i ty  t o  examine 
p o t e n t i a l  a l t  ~ f i ” , e ? ~ f e e d  sources .  These concerns have l ead  t o  s e v e r a l  
i n v e s t i g a t i o n s  of sha le  o i l  a s  f eed  f o r  o l e f i n s  prodqyjion. 
Indeed, t h e  M. W. Kellogg Company have r e c e n t l y  completed a s tudy  t o  
e v a l u a t e  s h a l e  o i l  f r a c t i o n s  and hydro t r ea t ed  s h a l e  oil f r a c t i o n s  as f eed  f o r  
o l e f i n s  p roduc t ion  in convent ional  py ro lys i s .  The a u t h o r s  concluded from 
t h i s  s tudy  t h a t  s h a l e  o i l  d i s t i l l a t e s  produce e thy lene ,  propylene and benzene 
y i e l d s  s i m i l a r  t o  t h o s e  from petroleum, however coking r a t e s  were unacceptably 
h igh  for a l l  excep t  t h e  l i g h t e s t  f r a c t i o n .  Mild hydro t r ea t ing  improved t h e  
tube  w a l l  f o u l i n g  r a t e  of t h e  s h a l e  o i l  naphtha and l i g h t  gas  o i l  f r a c t i o n s  t o  
t h e  range t y p i c a l  of petroleum l i g h t  gas o i l  (LGOP); t h a t  f o r  t h e  heavy gas  o i l  
(HGOS) was improved h u t  s t i l l  unacceptable .  I n  ano the r  s t u d y ( 5 ) ,  m r e  
ex tens ive  p r e r e f i n i n g  by h y d r o t r e a t i n g  reduced t h e  heteroatom concen t r a t ion  and 
provided y i e l d s  of o l e f i n s  comparable wi th  o r  exceeding those  from petroleum 
f r a c t i o n s .  S u b s t a n t i a l l y  lower e thy lene  y i e l d  w a s  obtained from seve re ly  
hydro t r ea t ed  TOSCO I1 d i s t i l l a t e  due t o  s team r e f o r m i 6  du r ing  py ro lys i s .  
Coking r a t e s  and l i q u i d  p roduc t s  y i e l d s  were no t  r epor t ed .  

While i t  is c l e a r  t h a t  s h a l e  oil h a s  t h e  p o t e n t i a l  to e v e n t u a l l y  be a major 
source of hydrocarbon f o r  both f u e l  and chemical product ion,  t h e  n e a r  term 
p rospec t s  c a l l  f o r  l i m i t e d  product ion from subs id i zed  programs. Since 
ded ica t ed  r e f i n e r i e s  and petrochemtcal  p l a n t s  cannot be j u s t i f i e d  t o  u t i l i z e  
t h i s  material, i t  w i l l  be necessa ry  e i t h e r  t o  upgrade t h e  s h a l e  o i l  t o  its 
petroleum e q u i v a l e n t  or t o  improve i t s  p r o c e s s a b i l i t y  by blending i t  wi th  
convent ional  petroleum. Indeed, even when s h a l e  o i l  product ion begins  t o  
expand a s  petroleum d e c l i n e s ,  t h e  b l end ing  of t h e s e  t o  produce f eeds tocks  w i l l  
presage t h e  smooth e v o l u t i o n  of s h a l e  o i l  s p e c i f i c  p rocess ing  technology. 
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The l i t e r a t u r e  on steam p y r o l y s i s  of s h a l e  o i l  d i s t i l l a t e s  is l i m i t e d  bu t  
adequate  t o  i n d i c a t e  i t s  p o t e n t i a l  as f eeds tock ,  p a r t i c u l a r l y  a f t e r  some 
p re re f in ing .  The l i t e r a t u r e  on steam p y r o l y s i s  of petroleum d i s t i l l a t e s  i s  
ex tens ive .  However, no l i t e r a t u r e  e x i s t s  i n  t h e  cocracking of s h a l e  and 
petroleum d i s t i l l a t e s .  Cocracking of petroleum derived f eeds tocks  has  been 
shown t o  provide expected product y i e l d s ,  t h a t  i s ,  y i e l d s  which a r e  t h e  l i n e a r  
combination of y i e l d s  of t h e  i n d i v i d u a l  component of t h e  blend. However, 
coking behavior  of such f eeds tock  mixtures  showedA) remarkable e f f e c t s  where 
t h e  coking r a t e  of a s u i t a b l y  blended f eeds tock  mimicked t h e  r a t e  of t h e  l e s s  
coking f e e d  component. 

The p resen t  s tudy  was undertaken t o  determine t h e  c rack ing  and coking behavior  
of s h a l e  o i l  d i s t i l l a t e s  under cond i t ions  of mi l l i s econd  p y r o l y s i s  and t h e  
e f f e c t s  of admixture  of petroleum LGO on t h e s e  p r o p e r t i e s .  P a r t i c u l a r  i n t e r e s t  
w a s  pa id  t o  l i q u i d  products .  

EXPERIMENTAL : 

Apparatus:  

I 

The bench s c a l e  py@,~,s&, fu rnace  and f low system have been desc r ibed  
p rev ious ly  in d e t a i l .  

The experimental  arrangement f o r  p y r o l y s i s  comprised a f eed  system, v a p o r i z e r  
p rehea te r ,  an e l e c t r i c a l l y  heated furnace and product  recovery system. Liquid 
f eeds tocks  were f e d  from Ruska meter ing pumps i n t o  t h e  vapor i ze r  where they  
were mixed wi th  superheated steam before pas s ing  through t h e  p r e h e a t e r  and i n t o  
t h e  r e a c t o r .  The r e a c t i o n  zone was a n  annulus  between a r e a c t o r  tube and a 
coax ia l  thermowell ,  both of 310 s t a i n l e s s  s t e e l .  Temperature p r o f i l e s  were 
measured wi th  a c a l i b r a t e d  chrome-alumel thermocouple manually d r iven  a l o n g  t h e  
l eng th  of t h e  r eac to r .  On l eav ing  the r e a c t i o n  zone, t h e  p rocess  s t ream 
r a p i d l y  cooled by admixture wi th  a r ecyc led  s t r eam of cooled product  gas.  
The quenched p roduc t s  were f u r t h e r  cooled a g a i n s t  c h i l l e d  water i n  an i n d i r e c t  
heat  exchanger and wa te r  condensate p l u s  l i q u i d  p roduc t s  were sepa ra t ed  by 
means of a sma l l  cyclone s e p a r a t o r  which was an i n t e g r a l  p a r t  of t h e  product  
gas  r ecyc le  quench system. 

To avoid formation of carbon oxides  due t o  steam reforming r e a c t i o n s , ( f l  was 
observed in o t h e r  s t u d i e s  wi th  hydro t r ea t ed  s h a l e  o i l  d i s t i l l a t e ,  t h e  
w a l l s  of t h e  s t a i n l e s s  s t e e l  r e a c t o r  were maintained in a c a t a l y t i c a l l y  
i n a c t i v e  form by s u l f i d i n g  and t h e  p y r o l y s i s  experiments  were performed i n  t h e  
presence of 50 ppm s u l f u r  which was in t roduced  t o  t h e  system a s  e t h y l  mercaptan 
contained i n  t h e  p rocess  f eed  water.  

A t  t h e  completion of a p y r o l y s i s  run t h e  amount of coke depos i t ed  on t h e  
r e a c t o r  w a l l  du r ing  t h e  run was determined by burning o u t  w i th  a s team-air  
mixture.  FYBe To accomplish t h i s ,  t h e  p y r o l y s i s  system is modif ied by 
replacement of t h e  quenching system w i t h  a C02 c o l l e c t i o n  system. A i r  and 
wa te r  r a t e s  a r e  c o n t r o l l e d  by ro t ame te r s  and need le  valves .  Contaminant C 0 2  
i s  removed from bo th  t h e  wa te r  and b o t t l e d  a i r  used in t h e  bum-off .  A f t e r  t h e  
combustion gases  l eave  t h e  r e a c t o r ,  t he  bulk of t h e  unreacted water is removed 
wi th  a room temperature  t r a p ,  and r e s i d u a l  wa te r  vapor is removed wi th  a d ry ing  
agent. The dry gases  then  e n t e r  a CuO bed maintained a t  high temperature  t o  

7 8  

any CO t o  C02 and is then passed through ano the r  d ry ing  agen t  p r i o r  
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t o  being absorbed i n  a preweighed ascar i te /magnesium p e r c h l o r a t e  tube.  T o t a l  
carbon d e p o s i t e d  i n  t h e  r e a c t o r  i s  c a l c u l a t e d  from t h e  weight of C 0 2  
co l l ec t ed .  A gas chromatograph in t h e  system p e r i o d i c a l l y  measures t h e  C 0 2  
l e v e l  in t h e  combustion gas  s t r eam t o  determine when a burnout is completed. 

A f t e r  a p y r o l y s i s  run/burnout  cycle  is completed,  t h e  r e a c t o r  tube is 
condi t ioned f o r  t h e  next  run  by reducing and s u l f i d i n g  t h e  r e a c t o r  wal l s  w i th  a 
f low of hydrogen and hydrogen s u l f i d e .  

Product Ana lys i s  : 

Two gas samples,  f o r  d u p l i c a t e  a n a l y s i s  by mass spectrometry,  were taken in 
t h e  f i r s t  t h i r d  and f i n a l  t h i r d  of t he  run per iod.  R e s u l t s  of d u p l i c a t e  mass 
spec t romet r i c  d e t e r m i n a t i o n s  f e l l  w i t h i n  t h e  e s t a b l i s h e d  limits f o r  t h i s  
a n a l y t i c a l  method, and t h e  averaged values  were t h e n  used. 

Liquid p roduc t ,  a f t e r  s e p a r a t i o n  from p rocess  s team condensate ,  i s  assayed i n t o  
gaso l ine  ( 3 6 - 2 1 8 " C ) ,  l i g h t  f u e l  o i l  ( 2 1 8 - 3 4 3 O C )  and heavy f u e l  o i l  (343'C') 
by gas chromatographic s imula t ed  d i s t i l l a t i o n  ( G C S D )  as def ined in ASTM method 
D - 2 8 8 7 .  

Tota l  o r g a n i c  n i t r o g e n  p resen t  in t h e  C5+ l i q u i d  products  from s e l e c t e d  
runs was determined by t h e  Kje ldah l  method. Bo i l ing  range d i s t r i b u t i o n  of 
n i t rogen  was determined u s i n g  a gas chromatographic s imula t ed  d i s t i l l a t i o n  
method modif ied by u s e  of a d e t e c t o r  s p e c i f i c  f o r  o rgan ic  n i t rogen .  The method 
involves  i n j e c t i n g  a sample i n t o  a chromatographic column equipped wi th  
e f f l u e n t  s p l i t t e r  l e a d i n g  t o  a Thermionic S p e c i f i c  De tec to r  (TSD) f o r  n i t rogen  
and a Flame I o n i z a t i o n  De tec to r  (FID) f o r  carbon. The a r e a  from t h e  TSD f o r  
each t ime i n t e r v a l  is recorded on magnetic t a p e  w h i l e  t h e  a r e a  from t h e  FID 
over  t h e  e n t i r e  chromatogram i s  recorded s e p a r a t e l y .  From t h e s e  da t a  and 
p rev ious ly  determined c a l i b r a t i o n  f a c t o r s ,  n i t r o g e n  concen t r a t ion  and b o i l i n g  
range d i s t r i b u t i o n s  may be determined us ing  t h e  convent ional  GCSD temperature  
vs time p l o t .  A Varian 3 7 0 0  G . C .  equipped w i t h  TSD and FID was employed f o r  
t h i s  work. 

Feedstocks 

Shale l i g h t  gas o i l  (LGOS) and heavy gas  o i l  ( H G O S ) ,  prepared by d i s t i l l a t i o n  
from Paraho s h a l e  o i l ,  were samples of t h e  same m a t e r i a l s  used in an e a r l i e r  
steam p y r o l y s i s  s t u d y  ( 4 ) .  An Arabian l i g h t  g a s  o i l  comprised t h e  petroleum 
derived l i g h t  gas  o i l  (LGOP) used i n  t h i s  s tudy.  Blends of s h a l e  gas  oils and 
t h e  petroleum g a s  oil were prepared t o  con ta in  2 0 ,  4 0 ,  60 and 80 w t X  petroleum 
gas  o i l s .  Thus a t o t a l  of t e n  f eeds tocks  were examined. Tnspect ion da ta  f o r  
t h e s e  f e e d s t o c k s  and b l ends  a r e  summarized in Tab le  I. 

Yie lds  of i n d i v i d u a l  C6-C8 aromatics  (BTX) were ob ta ined  by G . C .  

DATA AND DISCUSSION 

Runs were c a r r i e d  out a t  maximum temperatures  (Tm) of a p a r a b o l i c  temperature  
p r o f i l e  ( 9 )  between 7 4 4 ° C  and 8 9 9 ° C  wi th  s team d i l u t i o n  corresponding to 
steamlhydrocarbon weight  r a t i o s  between 0 . 5  and 1 . 0 .  A l l  runs were i s o b a r i c  a t  
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a t o t a l  p re s su re  of 13-15 p s i g  (90-105 kPa). Most of t h e  runs were c a r r i e d  o u t  
under mi l l i s econd  con tac t  t imes ( l e s s  t han  0.1 seconds) ;  however, one r u n  on 
each of t h e  nea t  s h a l e  gas  o i l s  (LGOS and HGOS) was c a r r i e d  ou t  a t  conven t iona l  
con tac t  t ime (about 0.3 seconds)  t o  determine t h e  e f f e c t  of t h i s  v a r i a b l e  on 
product y i e l d s .  With t h e  excep t ion  of t hose  runs where excess ive  r e a c t o r  
coking (Runs 11,12 & 13) fo rced  e a r l y  run t e rmina t ion ,  m a t e r i a l  ba l ances  f e l l  
between 95% and 100%. 

Tables  I1 and 111 summarize t h e  i n d i v i d u a l  run cond i t ions  and t h e  observed 
y i e l d s  and converslons f o r  a l l  runs  wi th  l i g h t  and heavy s h a l e  gas o i l s  (LGOS 
and HGOS), r e spec t ive ly .  Runs No. 1 and 10 were c a r r i e d  ou t  under conven t io  
con tac t  time cond i t ions  s i m i l a r  t o  those  used i n  an e a r l i e r  s tudy .  
R e s u l t s  f o r  bo h t h e  n e a t  LGOS and HGOS a r e  i n  e x c e l l e n t  agreement w i t h  t h e  
e a r l i e r  data .  (45 

Comparison of runs 1 and 2 show t h e  e f f e c t  of convent ional  vs mi l l i s econd  
cond i t ions  on p y r o l y s i s  of n e a t  LGOS. These d a t a  enhancement i n  
s e l e c t i v i t y  t o  e thy lene  a s  desc r ibed  previously(’7ow ft: o p e r a t i o n s  a t  
i nc reased  temperature  and decreased con tac t  t i m e .  A s i m i l a r  comparison (Runs 
10 & 11) f o r  p y r o l y s i s  of heavy s h a l e  gas  o i l  (HGOS) w a s  precluded by t h e  r a p i d  
coking of t h e  r e a c t o r .  

P y r o l y s i s  of Shale-Petroleum Gas O i l  Blends: 

Gaseous Product:  

I n  runs No. 3 , 4 , 5 , 6  and 7 ,  b lends of an  Arabian l i g h t  gas  o i l  (LGOP) and s h a l e  
l i g h t  gas o i l  (LGOS) were pyrolyzed under c l o s e l y  i d e n t i c a l  o p e r a t i n g  
cond i t ions .  Conversion and product  y i e l d s  changed monotonical ly  i n  t h e  
mixtures  between those  for n e a t  LGOS and f o r  nea t  LGOP. F igu re  1 i l l u s t r a t e s  
t h e  changes i n  conversion and y i e l d s  of major gaseous products  f o r  t h e  
LGOS/LGOP feeds tock  blends.  Y ie lds  of major p roduc t s  f o r  t h e s e  b l ends  a r e  t h e  
a r i t h m e t i c  weighted average of t h e  y i e l d s  f o r  t h e  i n d i v i d u a l  f eeds tocks  i n  t h e  
blends.  Accordingly,  f u l l  y i e l d  b e n e f i t s  normally a t t a i n a b l e  from s e p a r a t e  
steam p y r o l y s i s  of s h a l e  LGO may be r e a l i z e d  by cocracking t h e  s h a l e  f e e d  wi th  
petroleum gas o i l  i n  an  e x i s t i n g  g a s  o i l  p y r o l y s i s  furnace.  S ince  t h e  s h a l e  
o i l  f eed ,  i n  t h i s  ca se ,  i s  i n t r i n s i c a l l y  poorer  i n  terms of e thy lene  y i e l d ,  a 
p r o p o r t i o n a l  pena l ty  i n  fu rnace  e t h y l e n e  c a p a c i t y  w i l l  ob t a in .  To some e x t e n t ,  
t h i s  pena l ty  can be compensated by i n c r e a s i n g  s e v e r i t y  o r  d e c r e a s i n g  
hydrocarbon p a r t i a l  p r e s s u r e ,  e.g. runs  no. 2 v s  3. 

Due t o  t h e  h ighe r  coking r a t e s  a t t e n d a n t  t o  t h e  p y r o l y s i s  of t h e  s h a l e  heavy 
gas  o i l  (HGOS), fewer da t a  a r e  a v a i l a b l e  for t h i s  feedstock.  F i g u r e  I1 
summarizes t h e  conversion and y i e l d s  of major gaseous products  f o r  coc rack ing  
HGOS/LGOP blends.  While t h e s e  d a t a  a r e  l i m i t e d  t o  blends a t  t h e  low end o f  t h e  
HGOS con ten t ,  e x t r a p o l a t i o n  t o  100% HGOS provides  an e s t i m a t e  y i e l d  t h a t  might 
be r e a l i z e d  from high s e v e r i t y  p y r o l y s i s  of nea t  HGOS. The e x t r a p o l a t e d  
results appear  r easonab le  i n  view of t hose  ob ta ined  from HGOS under  mi lde r  
cond i t ions  (Run 10). 

?tf 
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Liquid Products :  

Gasol ine and f u e l  oil become major p roduc t s  of o l e f i n s  product ion p rocesses  
when l i q u i d  hydrocarbon f eeds tocks  a r e  used in steam pyro lys i s .  These,  so- 
c a l l e d ,  co-products  comprise from 35-55 w t X  of t h e  f e e d  depending on f e e d  
p r o p e r t i e s  and p y r o l y s i s  cond i t ions .  Consequently,  t h e s e  l i q u i d  co-products 
e x e r t  a l a r g e  e f f e c t  on t h e  economics of naphtha and gas  oil p y r o l y s i s  f o r  bo th  
petroleum o r  s h a l e  oil derived feedstocks.  

With t h e  e x c e p t i o n  of a r e l a t e d  s t u d y  (4) which r e p o r t s  t h e  g a s o l i n e  and f u e l  
oil y i e l d s  from p y r o l y s i s  of s h a l e  oil d i s t i l l a t e s ,  no l i t e r a t u r e  e x i s t s  on t h e  
e f f e c t s  of o p e r a t i n g  c o n d i t i o n s  on y i e l d s  o r  on t h e  q u a l i t y  of t h e s e  l i q u i d  
products .  I n  t h e  p r e s e n t  work both of t h e s e  t o p i c s  were i n v e s t i g a t e d .  

Y ie lds  of b o i l i n g  range f r a c t i o n s  of t h e  p y r o l y s i s  l i q u i d s  as determined by gas  
chromatographic s imula t ed  d i s t i l l a t i o n  (GCSD) (ASTM method D-2887) a r e  
summarized i n  t a b l e s  I1 and 111. Gasol ine y i e l d  from LGOS appea r s  t o  be 
somewhat g r e a t e r  t han  t h a t  f o r  t he  petroleum gas o i l  s tud ied .  T h i s  r e s u l t  may 
no t  be un ique ,  however, s i n c e  p a s o l i n e  y i e l d  is known t o  depend on 
c h a r a c t e r i s t i c s  of va r ious  petroleum gas oils. It is of g r e a t e r  i n t e r e s t  t h a t  
t h e  y i e l d  of p o t e n t i a l  motor g a s o l i n e  appea r s  t o  change l i t t l e  wi th  e i t h e r  
p y r o l y s i s  s e v e r i t y  o r  w i th  composition of t h e  blended f eeds tocks .  S ince  
g a s o l i n e  y i e l d s  f o r  LGOS a r e  comparable t o  those  of petroleum feeds tock ,  i t  is 
of i n t e r e s t  t o  de t e rmine  t h e  q u a l i t y  of t h i s  f o r  u se  as motor f u e l .  A s p e c i a l  
gas  chromatographic  method was used t o  p rov ide  d a t a  needed f o r  c a l c u l a t i o n  of 
Research Octane Number (RON) of t h e  g a s o l i n e  f r a c t i o n  in t h e  p y r o l y s i s  l i q u i d  
from Run 19 (60% LGOSI40X LGOP). According t o  t h i s  method, a c u t t i n g  column is 
used t o  s e p a r a t e  t h e  gaso l ine  from t h e  h ighe r  b o i l i n g  m a t e r i a l s  which a r e  
d i sca rded  in a back f l u s h .  The g a s o l i n e  c u t  is f e d  t o  a c a p i l l a r y  column f o r  
q u a n t i t a t i v e  a n a l y s i s  and i d e n t i f i c a t i o n  of t h e  components in t h e  gasol ine.  
The Research Octane Number c a l c u l a t e d  from t h i s  C.C. a n a l y s i s  u s i n g  t h e  method 
of Anderson e t  a 1  ( 1 )  was found t o  be 99.4. 

L igh t  and heavy f u e l  o i l  y i e l d s  a r e  g r e a t e r  f o r  t h e  s h a l e  oil f eeds tocks  and 
t h e s e  vary l i n e a r l y  w i t h  composition f o r  t h e  blended f eeds tocks .  

Nitrogen D i s t r i b u t i o n :  

Shale  oil a s  w e l l  as i t s  d i s t i l l a t e  f r a c t i o n s  have a high con ten t  of o rgan ic  
n i t r o g e n ,  t y p i c a l l y  between 1 and 2 w t  percent .  S f n c e  n i t r o g e n  is a c a t a l y s t  
poison f o r  c u r r e n t  r e f i n e r y  ope ra t ions  and a de t r imen t  t o  l i q u i d  f u e l  p roduc t s ,  
most schemes f o r  u t i l i z a t i o n  of s h a l e  o i l  r e q u i r e  upgrading by seve re  
hydro t r ea t ing .  While steam c rack ing  ( a  non c a t a l y t i c  p r o c e s s )  is n o t  i n h i b i t e d  
by o rgan ic  n i t r o g e n ,  t h e  q u a l i t y  and hence t h e  va lue  of l i q u i d  p roduc t s  a r e  
adve r se ly  a f f e c t e d .  Typ ica l ly  in steam p y r o l y s i s  of l i q u i d  f eeds tocks  
approximately one h a l f  of t h e  f eed  is converted t o  gaseous p roduc t s  which 
con ta in  no o r g a n i c  n i t rogen .  I t  becomes ve ry  i n t e r e s t i n g  then  t o  determine t o  
what e x t e n t ,  i f  any, t h i s  g a s i f i c a t i o n  invo lves  net  den i t rogena t ion  of 
f eeds tock  and a l s o  t o  determine t h e  d i s t r i b u t i o n  of remaining n i t r o g e n  among 
t h e  l i q u i d  p roduc t s .  

Bo i l ing  range d i s t r i b u t i o n  of o rgan ic  n i t r o g e n  in t h e  LGOS f eeds tock  and in t h e  
p y r o l y s i s  l i q u i d  p roduc t s  from runs wi th  n e a t  LGOS (Run # R )  and w i t h  LGOS/LGOP 
blend (Run 19) were determined by gas  chromatography. R e s u l t s  a r e  i l l u s t r a t e d  
in Figure  111 and summarlzed in Table IV. 
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TABLE I V  

Nitrogen D i s t r i b u t i o n  in P y r o l y s i s  L iqu id  F r a c t i o n s  

Run No. 8 9 
W t X  of W t X  W t X  of W t X  

Feed N Feed N 

Liquid F r a c t i o n  

C5-218'C (Liquid o n l y )  17.0 2.34 17.9 0.26 
C -218°C To ta l  g a s o l i n e ( a )  21.7 1.83 21.6 0.22 
278-354"C Fuel  O i l  21.1 2.72 20.6 0.71 
354'C + Hy Fuel  O i l  11.9 4.08 10.7 4.23 

Whole Liquid Produ t 
% Nitroeen Balancefb)  

50.0 2.92 49.2 1.39 
98.6 72.5 

Apparent Den i t rogena t ion  X 1.4 27.5 

( a )  Inc ludes  C5,C6 g a s o l i n e  components con ta ined  i n  t h e  gas  samples. 

( b )  To ta l  Nitrogen in Liquid Products /N i n  Feed. 

In Ftgure  111, t h e  r e s u l t s  of gas  chromatographic de t e rmina t ion  of cumulat ive 
n i t rogen  con ten t  a s  a f u n c t i o n  of b o i l i n g  po in t  ( r e t e n t i o n  t ime)  is p l o t t e d  
a g a i n s t  t h e  analogous d a t a  f o r  cumulat ive carbon (GCST)) i n  t h e  l i q u i d  samples.  
In t h i s  way, t h e  r e t e n t i o n  t ime is e l i m i n a t e d  from t h e  p l o t  and a d i s t r i b u t i o n  
curve r e l a t i n g  t h e  n i t r o g e n  con ten t  w i th  t h e  carbon con ten t  is ob ta ined  in 
which t h e  s l o p e  of t h e  curve a t  any po in t  is t h e  concen t r a t ion  of n i t r o g e n  in 
t h e  f r a c t i o n  of t h e  sample b o i l i n g  below t h a t  po in t .  Thus a s t r a i g h t  l i n e  wi th  
u n i t  s l o p e  (45') i n d i c a t e s  uniform n i t r o g e n  concen t r a t ion  in a l l  f r a c t i o n s  of 
t h e  t o t a l  l i q u i d .  

Nitrogen in t h e  LGOS feeds tock  is f a i r l y  uniformly d i s t r i b u t e d  over  t h e  e n t i r e  
b o i l i n g  range (F igu re  111-a). The l i q u i d  produced from p y r o l y s i s  of n e a t  LGOS 
con ta ins  almost a l l  of t h e  o r g a n i c  n i t r o g e n  from t h e  feed and t h i s  n i t r o g e n  is 
a l s o  broadly d i s t r i b u t e d  over  t h e  b o i l i n g  range of t h i s  product (F igu re  TI-b). 
In t h i s  ca se ,  t h e r e  is a small t r e n d  toward i n c r e a s i n g  n i t rogen  c o n c e n t r a t i o n  
wi th  i n c r e a s i n g  b o i l i n g  range. 

A pronounced change in n i t r o g e n  d i s t r i b u t i o n  (F igu re  111-c) is found in t h e  
l i q u i d  product from c rack ing  a blend of LGOS and LGOP. In t h i s  ca se ,  t h e  
n i t r o g e n  concen t r a t ion  is s t r o n g l y  s h i f t e d  i n t o  t h e  h e a v i e r  p o r t i o n  of t h e  
py ro lysa t e  and a s i g n i f i c a n t  p a r t  of t h e  f e e d  n i t r o g e n  appears  t o  have been 
removed. P a r t i a l  den i t rogena t ion  by s team p y r o l y s i s  provides  a c l e a r  economic 
b e n e f i t  from cocracking s h a l e  o i l / p e t r o l e u m  blends.  Add i t iona l  b e n e f i t s  may be 
de r ived  from t h e  reduced n i t r o g e n  c o n t e n t  of t h e  g a s o l i n e  and l i g h t  f u e l  oil 
products  which, a l though  they  s t i l l  r e q u i r e  upgrading,  can be den i t rogena ted  
wi th  l e s s  s e v e r e  h y d r o t r e a t i n g  than  would be r e q u i r e d  f o r  den i t rogena t ion  of 
t h e  e n t i r e  f eeds tock  o r  t h e  p roduc t s  from s e p a r a t e  c rack ing  of LGOS. 
Di spos i t i on  of t h e  heavy f u e l  is an  e q u i v a l e n t  problem in e i t h e r  case .  I n  any 
even t ,  cocracking of s h a l e  o i l  and petroleum feeds tocks  o f f e r s  an  I n t e r e s t i n g  
a l t e r n a t i v e  t o  s e v e r e  h y d r o t r e a t i n g  of s h a l e  o i l .  

331 



Page 7 

Reactor Tube Wall Fouling: 

The high f o u l i n g  r a t e  e x h i b i t e d  by h e a v i e r  s h a l e  o i l  f r a c t i o n s  h a s  been 
i d e n t i f i e d  ( 4 )  as being t h e  major h u r d l e  t h a t  must be overcome in its 
u t i l i z a t i o n  as f eeds tock  f o r  o l e f i n s  product ion.  P a r t i a l  hydrotreatment  of t h e  
p y r o l y s i s  feed r e s u l t e d  in reducing t h e  f o u l i n g  r a t e  ( 4 )  but  not  t o  an 
accep tab le  l e v e l ,  e s p e c i a l l y  f o r  t h e  heavy gas  o i l  (HGOS). Severe 
hydrotreatment ,  on t he  o t h e r  hand, reduced f o u l i n g  adequately ( 5 )  but a t  
cons ide rab le  expense due t o  high hydrogen consumption and t h e  h igh  p r e s s u r e s  
r equ i r ed  ( 2 ) .  

I n h i b i t i o n  of t u b e  w a l l  coking i n  p y r o l y s i s  fu rnace  tubes  by coc rack ing  in t h e  
presence of a low coking hydrocarbon has  r e c e n t l y  been desc r ibed  ( 7 ) .  It has 
now been found t h a t  an analogous phenomenon occur s  in t h e  coc rack ing  o f  s h a l e  
gas  oils in admixture  wi th  a l o w  coking petroleum gas  o i l .  F i g u r e  IV i l l u s -  
trates t h i s  e f f e c t  f o r  bo th  t h e  HGOS/LGOP and LGOS/LGOP feed  blends.  With t h e  
a d d i t i o n  of l e s s  t han  40% LGOP t o  LGOS, t h e  f o u l i n g  r a t e  of t h e  f eeds tock  com- 
b i n a t i o n  is s u b s t a n t i a l l y  reduced and c l o s e l y  approaches t h e  r a t e  cha rac t e r -  
i s t i c  of t h e  petroleum gas  o i l  i t s e l f .  S u b s t a n t i a l l y  more LGOP must be added 
t o  suppres s  t h e  f o u l i n g  r a t e  of HGOS. Th i s  is in accord  wi th  t h e  i n t r i n s i c a l l y  
h ighe r  coking p r o p e n s i t y  of t h e  h e a v i e r  s h a l e  f eeds tock .  

While t h e  f o u l i n g  behaviour  of t h e  HGOS and LGOS blends wi th  LGOP in 
q u a l i t a t i v e  agreement wl th  t h e  coke i n h i b i t i o n  index  (CII) concept,(’S i t  
does no t  ag ree  q u a n t i t a t i v e l y  w i t h  t h e  c o r r e l a t i o n  developed f o r  petroleum 
feedstocks.  High o r g a n i c  oxygen and n i t r o g e n  c o n t e n t s  of t h e  s h a l e  l i q u i d s  
e x e r t  a p o s i t i v e  in f luence  on t h e i r  coking p r o p e r t i e s  a s  evidenced by t h e  
observed ( 5 )  d e c r e a s e  in coking r a t e  upon removal of t h e s e  heteroatoms. 

Accordfng t o  t h e  observed coking behav io r  of mix tu res  of s h a l e  and petroleum 
d i s t i l l a t e s ,  a c c e p t a b l y  low coking r a t e s  can be expected from b lends  con ta in ing  
s i g n i f i c a n t  q u a n t i t i e s  of s h a l e  l i q u i d .  Th i s  provides  an i n t e r e s t i n g  
a l t e r n a t i v e  t o  h y d r o t r e a t i n g  p r i o r  t o  py ro lys i s .  

CONCLUSIONS : 

Shale  o i l  d i s t i l l a t e s  may be a s u b s t i t u t e  f eed  f o r  o l e f i n s  product ion in high 
s e v e r i t y  p y r o l y s i s .  Cocracking in admixture  w i t h  s u i t a b l e  petroleum de r ived  
f eeds tocks  o f f e r s  a p o t e n t i a l  a l t e r n a t i v e  t o  c o s t l y  h y d r o t r e a t i n g  by p rov id ing  
p a r t i a l  d e n i t r o g e n a t i o n  of t h e  l i q u i d  f u e l  coproducts  as w e l l  a s  by l a r g e l y  
overcoming t h e  b a r r i e r  due t o  t h e  i n h e r e n t  excess ive  tube w a l l  f o u l i n g  
c h a r a c t e r i s t i c s  o f  t h e  s h a l e  o i l  l i q u i d s .  
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